Ti-5Al-2.5Sn a b s t r a c t Corrosion behavior of TIG and laser welded Ti-5Al-2.5Sn alloy was compared using different electrochemical techniques. Bead on plate (BoP) configuration was used for welding of 1.6 mm thick Ti-5Al-2.5Sn plates which led to the formation of complete ␣ ′ martensitic structure in laser welds and acicular ␣ along with ␣ ′ martensite within coarse prior ␤ grains was observed in TIG welds. Potentiodynamic and cyclic polarization were carried out in 5, 7
Introduction
Titanium alloys are extensively used in high performance structural applications in addition to biomedical applications [1] . Most of the applications of titanium alloys include been developed and are widely used for the joining of titanium alloys for different applications [5] [6] [7] [8] [9] [10] [11] . Titanium undergoes a phase transformation from HCP (alpha phase), to BCC (beta phase) and this transformation temperature is referred to as beta transus temperature. Beta transus temperature varies for different titanium alloys and is due to the different alloying addition or impurities present in the alloy [12] . Titanium alloys are characterized as commercially pure (CP) titanium, alpha titanium alloys, alpha-beta titanium alloys and beta titanium alloys. Alpha alloys or near alpha alloys exhibit better creep properties and strength at high temperatures than alpha-beta and beta alloys [13] . Among the alpha titanium alloys, those containing aluminum, tin and/or zirconium are preferred for high temperature applications [14] . One of the benefits of the alpha titanium alloys is their good weldability as the joint properties are superior to the Base Metal (BM). This is owing to the formation of ␣ ′ martensite and acicular ␣, which have higher hardness than the BM [15] . However, the presence of ␤ stabilizers in ␤ titanium alloys suppresses the formation of ␣ ′ martensite, resulting in strength of weld joint to be less than the BM. Ti-5Al-2.5Sn is an ␣ titanium alloy which is mostly used in the aerospace application requiring high temperature strength [14, 16] . Furthermore, it has low cost alloying elements as compared to the well-known Ti-6Al-4V, which is considered to be the 'work horse' of aerospace industry [14] .
Titanium has a strong affinity for oxygen and the resultant surface oxide layer is very protective, highly adherent and stable and the excellent corrosion resistance of titanium alloys is attributed to this protective oxide layer. The corrosion resistance of titanium alloys is affected when this oxide layer does not remain completely adherent and breaks, thereby exposing the underneath surface. Reducing agents and very powerful oxidizing environments compromise the protective nature of the oxide layer, thereby degrading it [17, 18] . The work of Lu et al. [7] , and Barreda et al. [19] showed that the high affinity of titanium to react with atmospheric gases such as oxygen and nitrogen at temperatures above 350 • C makes it challenging to produce good quality weldments [7, 19] . The reaction with atmospheric gases leads to the contamination of the molten pool and induces embrittlement in the weldment, resulting in reduced ductility and toughness. Therefore, to protect the molten pool from gaseous contamination, application of shielding gas during the welding operation is mandatory in conventional arc and laser welding process. The mechanical properties of weldments are significantly influenced by the fusion zone (FZ) oxidation, hence this phenomenon is very important to study [20] . A review of literature showed that the color of weld bead is considered as an indication of FZ oxidation. For instance, for TIG welding of Cp Ti, bright silvery appearance of the weld bead showed minimal contamination and adequate shielding as opposed to blue, purple and gray appearance [9] . Similarly Li et al. reported that a blue colored bead appearance in laser welding of Cp Ti contains highest oxygen contents while silver color showed lowest concentration of oxides [21] . Although the weld bead color indicates the level of contamination due to poor shielding of the weld pool [22] , however, EDX analysis will provide a better estimate of FZ oxidation [23] .
Both conventional and solid state welding techniques are employed for joining of titanium alloys [24] . However, conventional arc welding is mostly used due to ease of automation and low cost operation [25] . Furthermore, laser welding has also proven to be very effective especially for titanium alloys due to its focused and dense heat source and low heat input resulting in narrow heat affected zone [11] . Laser welding has certain key beneficial aspects compared to the conventional arc welding process and therefore is being used as an alternative welding process. Short, 2009 reported that the power density for laser welding is in the range of approx. 10 12 W/m 2 , whereas, it is approx. 10 9 W/m 2 for the conventional TIG welding process [25] . This high power density for laser welding results in high penetration in a single pass resulting in a reduced overall heat input. Therefore, the grains in the weld zone are relatively fine, hence narrower HAZ and reduced structural distortions are observed as compared to TIG welding process.
Weldments of alpha titanium alloys exhibit corrosion resistance similar to that of the BM and these titanium alloys containing very little alloying elements, do not respond to different heat treatments. Alpha type CP titanium weldments generally do not experience corrosion limitation in welded components. However, under active or marginal conditions, for which corrosion rates exceeding 100 m/year, weldments may undergo accelerated corrosion. The factor identified for this accelerated corrosion rate is the transformed beta phase after welding, which is present in fusion zone and associated heat affected zone (HAZ) [17] . Alpha titanium alloys weldments are prone to stress corrosion cracking (SCC), which primarily depends on the composition of the alloy. Presence of aluminum increases the susceptibility of SCC due to the formation of an intermetallic phase Ti 3 Al also known as alpha-2 in the fusion zone. As the amount of Ti 3 Al increases in the microstructure, the susceptibility of SCC of the titanium alloy increases [26, 27] .
There are a number of environments in which alpha titanium alloy is susceptible to SCC which includes nitric acid [28] . For such applications, the conventional low carbon austenitic stainless steel is unacceptable and alpha titanium alloys are preferred over stainless steels as they possess outstanding corrosion properties. Ti-5Al-2.5Sn is an alpha alloy, which can be used for such applications and has an advantage of being readily welded. In the present work, the weldability of Ti-5Al-2.5Sn is examined and the effect of welding techniques on the corrosion properties is monitored.
Experimental materials and methods

Welding of Ti-5Al-2.5Sn
In the present work, butt welding was carried out on the Ti-5Al-2.5Sn alloy in the mill annealed condition and Table 1 shows the chemical composition and mechanical properties of Ti-5Al-2.5Sn alloy. Full penetration bead-onplate welds were performed using Sintec 600W Pulsed Nd:YAG and TIG arc on Ti-5Al-2.5Sn plate with dimension of 100 mm × 80 mm × 1.6 mm, as shown in Fig. 1 . The welding performed was autogenous with no filler material being used. Laser welding was performed using a current of 260 A, welding speed of 160 mm/min, frequency of 8 pulses/s and stand of distance of 4 mm. For TIG welding, welding speed of 32.5 mm/min, voltage of 10 V, primary current of 32 A and background current of 16 A was used. After welding, the plates were mechanically brushed, acid pickled with HF and were cleaned with acetone. As titanium is very reactive to atmospheric gases at high temperatures, argon was used as shielding gas in both the welding processes. After the welding was performed, the plates were visually inspected to observe any welding defects.
Microstructure and phase analysis
Samples for microstructure and phase analysis from BM and fusion zone of TIG and laser weldments were wire cut using electric discharge machining (EDM). Metallographic samples were ground mechanically using SiC paper (120, 320, 500, 1200, 4000) and polished with 1 m Struers diamond paste suspension. The samples were etched using Kroll agent (92 ml distilled water 6 ml HNO 3 and 2 ml HF) and then with 0.2% HF. The microstructure was then observed using an Olympus optical microscope with a polarized lens. Mira 3 Tescan PC controlled scanning electron microscope (SEM), at a vacuum of 10 −6 Pa was used for higher magnification analysis of oxide layer and also for EDX analysis. The phases present in the FZ of laser and TIG welded samples were identified using STOE X-ray diffraction machine with theta/theta diffractometer. The source used was Cu K␣, with a wavelength of 1.54Å. The diffraction profiles were taken from 20 • to 80 • with a step size of 0.02 • and scan time of 1 s/step.
Electrochemical measurements
Electrochemical corrosions tests were conducted using Gamry potentiostat PCI-4G750. The samples were removed from the welded plates using EDM and were ground using SiC paper (120, 320, 500, 1200, 4000) and polished with 1 m Struers diamond paste suspension. These samples were then mounted using polymer resin and only the surface to be studied was exposed. The experimental setup consists of a three electrode cell containing Ag/AgCl reference electrode, a working electrode and a counter electrode. Working electrodes consists of BM, weld fusion zone of laser and TIG of Ti-5Al-2.5Sn, respectively, and were separately studied. The potentiodynamic and cyclic polarization was conducted in 5 M, 7 M and 9 M HNO 3 . The other corrosive media in which different titanium alloys can be tested are Ringer ′ s solution (for bio-medical implants application [1] ) and 3.5% NaCl solution (for marine applications) [29] . Since HNO 3 provides the most severe oxidizing environment, hence in order to study the oxidation behavior of Ti-5Al-2.5Sn alloy, different concentrations of HNO 3 were used. For all the electrochemical experiments, the measurements have been repeated a minimum of three times. Tafel plots were obtained using Gamry Echem analyst software and the results were compared. The open circuit potential was also recorded for each of these samples for 60 min. For the poten- tiodynamic and cyclic polarization tests, the samples were held in electrolyte for 45 min before the tests. The scans were taken between −0.1 V vs. Ag/AgCl to 1.5 V vs. Ag/AgCl with a forward and reverse scan rate of 2 mV/s.
Electrochemical impedance spectroscopy (EIS) measurements
Electrochemical impedance spectroscopy (EIS) has been used to investigate coatings, ions transport behaviors and characteristics, due to its ability to measure high impedance system and to provide abundant electrochemical information [30] [31] [32] . Electrochemical impedance spectroscopy (EIS) was applied to determine electrochemical properties of the passive Ti-5Al-2.5Sn alloy on the welded joints. EIS spectra were recorded for the alloy/oxide electrodes after immersion in the 14.33 M HNO 3 solution. The EIS was conducted on the laser, TIG welded and BM samples. According to standard ASTM G31-12a [33] , the minimum time calculated for the immersion test is approximately 140 h. However, an immersion time 192 h was reported for EIS study on Ti-6Al-4V biomedical implants [34] . Hence, after immersion in fuming HNO 3 , for 192 h, EIS was performed on all the samples. According to the standard for this measurement, a sinusoidal signal of 10 mV (rms) was applied to the samples and a frequency range of 0.01 Hz to 100 kHz was used. NOVA software provided by AUTOLAB was used to evaluate the equivalent circuit of the acquired data.
3.
Results and discussion
Microstructure and phase analysis
It appears that the weld bead is free from contamination and is of bright silvery appearance for all the two weldments as shown in Fig. 1 . EDX tests were also performed on the BM sample, FZ of laser and TIG weldments and the oxygen contents are reported in Fig. 2 , also confirming the presence of Al and Sn as alloying elements. Among the weldments, oxygen concentration was found to be lowest in the FZ of LBW which exhibited an increase of approximately 10% compared to BM sample. The maximum oxygen contents were found in the FZ of TIG weldments which were 3 times higher than the oxygen contents of the BM sample. The reduced oxygen contents in the laser welding sample were due to the low overall heat input in the joining process. According to Baruah and Bag [35] , oxygen contents of approximately 11% are considered in the acceptable range. Fig. 3 shows the XRD-spectra of the Ti-5Al-2.5Sn weldment and the phases identified are HCP ␣ martensitic ␣ ′ and Ti 3 Al. The presence of Al and Sn promotes the formation of Ti 3 Al ␣2 phase and owing to the presence of this phase, Ti-5Al-2.5Sn is more susceptible to stress corrosion cracking. The main peaks of all the spectrums corresponded to HCP pattern which can be attributed to the presence of either ␣, acicular ␣ or martensitic ␣ ′ as they have similar crystalline structure. No sign of peaks corresponding to the bcc ␤ phase was observed as the alloy under study is an all alpha alloy. However, in some studies on ␣ titanium alloys, a very weak peak of residual ␤ phase has been reported, which was attributed to low oxygen contents [36] . From the EDX analysis, it was observed that for the Ti-5Al-2.5Sn alloy under investigation, oxygen contents were found to be higher in the BM (3.7 wt%) and FZ of the TIG (11.1 wt%) and LBW (5.7 wt%). This significantly high amount of oxygen acts as an ␣ stabilizer and suppresses the formation of ␤ phase [36] . Fig. 4 shows low magnification macrograph of the laser and TIG welded joint in which three different zones (FZ, HAZ, and BM) based on the grain size can be observed. Furthermore the FZ/HAZ interface and HAZ/BM interface can also be seen. As compared to TIG weldments, the HAZ is a narrow region between FZ and BM for laser welding processes [10, 11, 37] . However, due to a much wide heat source, P-TIG welding leads to a much wider portion of a transition zone between the FZ and BM in which significant temperature rise changed the grain microstructure. Table 2 presents the width of FZ and HAZ in TIG and laser weldments. Owing to the dense nature of heat source of laser welding, the top and bottom width of FZ was significantly less than that of TIG weldments.
The optical images of the BM and FZ of TIG and laser welded samples are shown in Fig. 5 , which provides an insight into the distribution of acicular ␣ and ␣ ′ martensite in the welded samples. It can be observed in Fig. 5(a) that the BM is of equiaxed ␣ in a prior ␤ matrix. Furthermore, Fig. 5(b) shows that the prior ␤ grain size increased significantly in FZ of TIG weldments, with columnar or acicular ␣ within the grain boundaries. Similar microstructure has been reported by Karpagaraj et al. and Gao et al. for TIG welding of CpTi and Ti-6Al-4V alloys, respectively [11, 22] . In Fig. 5(c) , a complete ␣ ′ martensitic transformation can be seen in the FZ of laser weldments. This needle like structure resulted due to diffusion less transformation of ␤ phase during fast cooling with a rate more than 410 • C/s [38] . Such a high cooling rate is expected in laser welding due to much focused heat input and very less over all heat input [11] . On the contrary, TIG weldments exhibited a lower cooling rate due to much higher heat input as compared to laser welding and due to this reason, complete martensitic transformation was not achieved in FZ of TIG weldments. The extent of martensitic transformation gives an estimate of the microhardness of the FZ since ␣ ′ martensite is much harder than acicular ␣ and equiaxed ␣ phase. Due to higher proportion of martensite, the measured values of microhardness in the FZ of laser weldments was on average 26 HV more than that of TIG weldments [39, 40] .
Electrochemical measurements
The potentiodynamic polarization curves for BM, TIG welded (TIG) and laser welded (LBW) Ti-5Al-2.5Sn were obtained for different concentration of 5, 7 and 9 M HNO 3 . The E corr and I pass values of these samples at different concentration were calculated and are presented in Table 3 . Fig. 6 shows the Tafel plots of BM, TIG and laser welding at different concentrations of nitric acid. For all the samples, corrosion potential increases when acid concentration is increased from 5 M to 7 M. However, a decrease in the corrosion potential is observed with further increase in the acid concentration to 9 M. Being an interstitial alloy, the protection to corrosion 82.7 ± 3.75 is mainly because of the titanium oxide layer. According to Pourbaix diagram, the potential range is on the boundary of Ti 2 O 3 stable protection film formation and dissolution to TiO +2 [41, 42] . When the concentration is increased from 5 to 7 M, the rate of reaction (oxidation) is higher compared to layer dissolution, thus resulting in thicker passive layer with increased resistance for the electron transfer at Fermi level and higher E corr [30] . On the other hand, further decrease in pH results in higher solubility rates of oxide into the solution and decreases the corrosion potential. The same phenomenon can also be inferred from passivation current data. TIG welding generates Gaussian type heat affected zones of higher area compared to laser point welding, resulting in less passivation currents for TIG compared to laser welding (high temperature affected) counter parts. Furthermore, increasing acid concentration generally increases the passivation current (enhances layer solubility) as observed for BM and TIG specimen. Conversely, the opposite behavior exhibited by laser welding requires further insight for explanation. Fig. 7 demonstrates the cyclic polarization curves of BM, TIG and laser welding. All these tests were performed in 5 M, 7 M and 9 M HNO 3 . The loop areas of the cyclic polarization curves were measured using Gamry E-Chem Analyst and the loop areas are shown in Fig. 8 . The reverse scan curve of all three concentrations came above the forward scan, which indicates that, the Ti-5Al-2.5Sn is resistant to pitting corrosion in different concentrations of HNO 3 . The pitting corrosion resistance of any coating or material is ranked based on the loop area of the cyclic polarization curves. The higher the loop area, the poorer is the resistance to pitting corrosion and vice versa [1] . As it can be seen in Fig. 7 that the BM, TIG welded and laser welded Ti-5Al-2.5Sn forms a negative hysteresis loop for all the concentrations of HNO 3 , suggesting that the BM does not undergo pitting corrosion. The areas of the loop, however, provide information about the pitting potential of this alloy in specific media. As the concentration increases from 5 M to 9 M, the loop area of BM deceases from 67.9 × 10 −3 ± 4.05 × 10 −3 C/cm 2 to 45.3 × 10 −3 ± 7.00 × 10 −3 C/cm 2 . Similar trend was followed by the samples produced by TIG welding process. In case of TIG Ti-5Al-2.5Sn, the area of the loop decreases from 65.3 × 10 −3 ± 1.36 × 10 −3 C/cm 2 to 48.1 × 10 −3 ± 1.06 × 10 −3 C/cm 2 , whereas, different trend was observed in case of laser welded Ti-5Al-2.5Sn. The areas of the loop increased from 27.3 × 10 −3 ± 2.17 × 10 −3 C/cm 2 to 52.8 × 10 −3 ± 1.12 × 10 −3 C/cm 2 . The increase in the loop areas signifies the sample is less prone to pitting at higher concentrations. From the loop areas shown in Fig. 8 , it can be seen that at 5 M HNO 3 BM has the highest loop area. The TIG welded Ti-5Al-2.5Sn area remains in the middle and laser welded Ti-5Al-2.5Sn has the least loop area. At 5 M HNO 3 laser welded Ti-5Al-2.5Sn is more resistant to pitting corrosion as compared to BM and TIG welded Ti-5Al-2.5Sn. At 7 M HNO 3 the difference between the loop areas of all three samples is almost negligible and the difference is reduced further at 9 M. Fig. 7 demonstrates that at 9 M HNO 3 , the pitting potential of all the three samples is almost the same.
Electrochemical impedance spectroscopy results
EIS technique was employed in order to characterize the developed oxide layer on BM, TIG and laser welded samples. Fig. 9 shows the Nyquist, Bode resistance and phase plots for the BM and welded Ti-5Al-2.5Sn after 192 h of immersion in 14.33 M HNO 3 . The solid lines in these figures show simulated plots, which were obtained by NOVA (AUTOLAB) model fitter, while the data points are from actual experimental results. Fig. 10 presents the equivalent circuits for the three samples and all the equivalent circuits show small inductance and resistance present because of the wires/connections and solution, respectively. Moreover, all the circuits show the double layer capacitance because of the presence of the passive layer. The Table 4 -Value of resistances shown in Fig. 10 . Table 4 ), confirms that the passive layer on the non/less-heat affected zone is intact. Furthermore, the values of 'n' are close to '1' thus any major distortion in the surface layer is ruled out. The parallel circuit in the BM sample is simply a resistance of 448 , typically representing an RC circuit for the passive layer having realistic values, with no pit formation. Warburg resistance, according to Sánchez et al. [43] , should be present in the circuit when defects are introduced in the passive layer. TIG and laser welded sample show Warburg resistance; however, the former has only one time constant compared to two time constants for the later. The welding zone in nitric acid leads to the formation of two passive layers. The inner layer is intact compared to the outer layer, which develop pores, because of the metastable pitting. This outer layer for laser welded sample is not as corrugated as for TIG sample thus showing two time constants. This can also be inferred from the circuit elements positioning and values. The first resistance is 1.49 k and 12.5 k for the TIG and laser welded sample, showing smaller pores, resulting in higher resistance. The Warburg conductance of 1.10 TMho and 900 fMho for TIG and laser welded samples respectively, clearly leads to the same conclusion. Finally, for TIG, the last constant phase element is in series with the Warburg resistance, indicating that the second double layer is only present for the created pores. On the other hand, the same constant phase element, for laser welded sample, is in series to the parallel circuit of the first double layer and the Warburg resistance. This shows that the second passive layer, although porous, is still intact and provides some protection to the alloy surface from corrosion.
Oxide layer analysis
The SEM images (before and after acid treatment) of BM, laser welded and TIG welded Ti-5Al-2.5Sn are shown in Fig. 11 . It can be inferred from the BM image that impurities in Ti-5Al-2.5Sn alloy precipitates preferably at the grain boundaries, whereas, the grain surface is homogeneous. This is because the melting point of the aluminum (660 • C) and tin (232 • C) is less than the titanium (1668 • C). When exposed to acid, the grain boundaries are consumed, as the impurity passive layer is not protective. Aluminum and tin usually form soluble salts with nitric acid and water and it is titanium, which provides the passivity to the alloy. This is the reason why pits start to develop at the boundaries, but do not propagate because of the presence of the titanium underneath. The homogenous grain does not show appreciable corrugation. The FZ of TIG leads to the formation of acicular grains because of rapid cooling. However, impurities emerge on the surface in high temperature zone and when treated with acid, these are washed away revealing actual grains. The small acicular grains leads to the formation of a stressed surface compared to the surface without weld. The combined effect of stress and impurity oxidation results in surface stress corrosion, leading to the formation of a porous passive layer. For laser welded samples, the heat-affected zone is relatively small, resulting in relatively smaller grains. However, these grains are less than the threshold size to introduce stress enhanced corrosion and thus introduce a second time constant in EIS. The high passive currents observed in Tafel plots for laser welded sample may be because of the relatively smaller grain size. As the grain boundaries results in impurity sensitization, thus exposing more subsurface area for passive current conduction.
Conclusions
After performing extensive corrosion tests on the BM, TIG and laser welded Ti-5Al-2.5Sn alloy sheets in 5, 7 and 9 HNO 3 following conclusions were drawn:
• The potentiodynamic polarization plots suggest the comparative kinetics of oxidation shifted to passive layer dissolution for BM and TIG samples. The high passive current for laser welding indicated that the exposed area to the acid was higher because of the grain boundaries sensitization, with subsequent dissolution of the formed oxides. This resulted in high surface area because of the exposed depths beneath the surface.
• Cyclic polarization scans did not confirm any stable pit formation since a negative hysteresis loop was observed in the cyclic polarization scan.
• EIS and equivalent circuit established the distinctive corrosion behavior for BM, TIG and laser welded samples. BM sample converged to simple RC circuit confirming good passivity in fuming HNO 3 . TIG samples showed one time constant with Warburg resistance, confirming deterioration in the passive layer with local high concentration cells at the surface. However, these high concentration cells did not instigate visible pitting because of the better protection by titanium oxide. laser welded samples show two time constants, suggesting the formation of initial metastable pits and smaller concentration cells than in TIG sample.
• SEM images confirm sensitization to some degree in all the samples, i.e. BM, TIG and laser welded. The different grains sizes in the BM, TIG and laser welded samples, which were responsible for the unique EIS equivalent circuit for each sample.
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